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INTRODUCTION 
Sorghum ranks as an important crop in many areas of the world. During 
recent years sorghum has received, considerable interest in the midwestern 
area of the United States. Sorghum has been the subject of relatively few 
developmental studies. Previous studies have been made to obtain informa­
tion that was needed in specific agronomic or taxonomic studies. 
A comprehensive monograph, such as Bonnett's (1961) work on Avena. or 
Kiesselbach's (19^9) bulletin on Zea. is not available for sorghum. The 
present study was undertaken to provide a portion of the developmental 
story of the sorghum plant. The present portion extends from pollination, 
through embryogeny, and the development of the seedling until the initiation 
of the inflorescence. 
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REVIEW OF PERTINENT LITERATURE 
The literature pertaining to the developmental morphology of sorghum 
is limited, considering the importance of sorghum as a grain crop. Quinby 
et al. (1958) reported that, as a world"*food grain, sorghum is exceeded 
only by rice and wheat. In the United States sorghum also ranks third as 
a grain crop, exceeded by wheat and corn. 
Winton (1903) presented the earliest known description of the 
caryopsis of sorghum. Her work was concerned principally with gross 
structures of the mature caryopsis and the surrounding glumes. She desig­
nated a cell layer which lies between the pericarp and endosperm as 
"nucellar or hyaline layer." This terminology has been carried over 
into other studies of the inheritance of seed color (Conner and Karper 
1923, Swanson 1928, and Sieglinger 1924), and in a description of the 
sorghum kernel (Edwards and Curtiss 1943). Artschwager and McGuire 
(19^9) described this layer as being the testa, developed from the inner 
integument. 
Artschwager and McGuire (1949) describe macrosporogenesis, micro-
sporogenesis, fertilization and development of the embryo up to twelve 
days after pollination, at which time they considered it to be mature. 
These authors report that the embryo sac, at the time of pollination, 
contains an egg cell, two polar nuclei closely appressed to the egg cell, 
a mass of coenocytic antipodal cells at the chalazal end and no dis­
tinguishable synergids. Fertilization was reported to occur within two 
hours after pollination (Artschwager and McGuire 1949). Stephens and 
Quinby (1934) found fertilization to occur six to twelve hours after 
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pollination. A detailed report of the development of the caryopsis of 
maize by Randolph (1936) is of special significance to this study. 
The literature pertaining to anthesis of sorghum has been reviewed 
by Ayyanger and Rao (1931)• These authors showed that anthesis covers a 
period of from six to ten days and pollen is shed and germinated from 
2 A.M. to 10 A.M., with the peak period between 7 and 8 A.M. Stephens 
and Quinby (1934) found that the anthesis period extends from six to nine 
days, with a variable peak period of pollen shedding. 
.Sanders (1955) traced the development of the endosperm, seed coat 
and pericarp of sorghum from the time of pollination to maturity. The seed 
coat develops from the inner integument, but is usually crushed.at matur­
ity. One of the varieties (Early Hegari) contained a granular, orange 
pigment in the inner integument. Growth of the pericarp is confined to 
enlargement of cells present at the time of pollination, as no cell 
divisions were observed thereafter. A comprehensive study of the histology 
and coloration of the pericarp in both the wild and cultivated races of 
sorghum has been carried out by Ayyangar and Krishnaswami (1941). Most of 
the wild races of sorghum are characterized by a very thin pericarp con­
sisting of epidermis, tube cells and occasionally a thin mesocarp. An 
integument was always present in the wild races but was found rarely in 
the cultivated sorghums. The cultivated races of sorghum have pericarp 
layers similar to the wild races, but the number of layers is greater. 
The sorghum embryo, before imbibition and two days after imbibition, 
has been studied by Reznik (1934). His principal interest was in the 
vascular system and its relationship to interpreting some" of the homologies 
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of the grass embryo. The sorghum embryo (Boyd 1931) and the sorghum 
seedling (Sargant and Arber 1915) have been used in previous comparative 
.studies of the homologies of grass embryos. The literature dealing with 
the various interpretations of the homologies of organs of the grass 
embryo has been reviewed by several authors (Avery, 1930; McCall, 1934; 
Reznik,.1934; and Boyd and. Avery, 1936). More recent work on the subject 
lends support to the following viewsi 1) the coleoptile is a foliage leaf 
(Reeder 1953) and 2) the mesocotyl is an internode (Tucker 1957). This 
study will not be concerned with the homologies of grass embryos. 
The development of the vascular tissues in the sorghum seedling was 
studied by Chen (1938). Miss Chen reported that the stem apex of sorghum 
undergoes floral transistion approximately five weeks after germination. 
The initiation of axillary buds becomes evident three or four nodes below 
the stem apex about four weeks after germination, and axillary buds form 
in all leaf axils except the upper three or four nodes below the sorghum 
head. 
Chi (1942) made a study of germination and subsequent root develop­
ment in sorghum. The temporary root system consists of the primary root 
which develops from the radicle of the embryo, and adventitious roots 
which develop on the mesocotyl. The permanent root system develops from 
roots formed at the nodes. 
The gross morphology and anatomy of the vegetative organs of sorghum 
was presented in detail by Artschwager (1948). He stated that much of the 
knowledge of sorghum has been based on studies of corn and sugarcane, thus 
he compares the three plants in this report and shows differences among 
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them. 
A review and discussion of embryogeny in the plant kingdom is pre­
sented by Wardlaw (1955) • This sv.thor states that the grass embryo 
exemplifies the most complex embryonic development in plants. 
Various criteria have been used to determine the maturity of the 
sorghum caryopsis. Clegg et al. (1958) reported that maximum dry weight 
of the caryopsis (at 35-38 percent moisture) occurs approximately 30 
days after anthesis. Wikner and Atkins (I960) found maximum dry weight 
(at 30-39 percent moisture) to occur between 40 and 46 days after mid-
bloom. Kersting et al. (1961) used three measures of maturity. (1) Max­
imum dry weight occurred 45 days after pollination at 23 percent moisture 
in 1958, and 33 days after pollination at 30 percent moisture in 1959. 
(2) Maximum germination occurred in seed harvested 33 and 18 days after 
pollination in 1958 and 1959 respectively. (3) Maximum seedling vigor 
occurred in seed harvested 27 and 33 days after pollination in 1958 and 
1959 respectively. 
The shoot apex in the angiosperms has been reviewed critically by 
Gifford (1954) and Esau (1953)• Sharman (1942b) has categorized the 
shoot apexes of the grasses into three groups; (1) the long type which 
has 12-20 leaf primordia, (2) the intermediate type which has 5-10 leaf 
primordia, (3) the very short type which has only one or two leaf 
primordia. 
The vegetative growth of the shoot apex in maize is reported to have 
a linear relationship existing between the dimensions of the shoot apex 
through successive plastochrones, and the duration of successive 
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plastochrones decreases between platochron 7 and 14 (Abbe and Phinney 
1951)• Abbe et al. (1951) reported that cell size remains constant 
through successive plastochrones, therefore the increase in cell number 
closely parallels the increase in size of the shoot apex. The rate of 
growth of the stem apex of maize accelerates exponentially through suc­
cessive plastochrones of the vegetative plant. The growth rate of the 
stem apex in a maize embryo is deceleratory (Abbe and Stein 195*0 • 
Sharman (1942a, 1945) and Ikenberry (1959) reported that grass leaves 
are initiated by à periclinal division in the tunica, followed by subse­
quent cell division in both the tunica and corpus. The number of leaves 
in sorghum was reported by Sieglinger (1936) to be influenced by both 
heritable and environmental factors, such as photoperiod and temperature. 
The number of leaves and length of vegetative period was found to be 
highly correlated, and that leaves were produced at the rate of one every 
3*1 to 3.5 days. The mean leaf number in the mature plant had a range of 
from 5 to 10 leaves within a variety. 
The development of buds in the axils of leaves is a significant factor 
in the tillering and production of flowering branches in grasses. Sharman 
(1945) reported that initiation of axillary buds is foreshadowed by the 
production of radial files of cells in the subhypodermis and no periclinal 
divisions occur in either the hypodermis or dermatogen covering this 
region. Sharman (1942a) suggested that in Zea mays the marginal meristems 
of a leaf primordium may be concerned with the formation of the axillary 
bud in the axil of the next lower leaf. 
The developmental sequence of axillary buds has been followed in 
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Avena by Ikenberry (1959), who found that buds were formed in the axils 
of only the first four or five leaves and that all buds undergo floral 
transition. Sass and Loeffel (1959) reported that in an experimental 
hybrid com, axillary buds were initiated acropetally in all leaf axils, 
but the buds in the axils of the upper six leaves failed to enlarge. En­
largement of buds and formation of florets occurred basipetally in all of 
the surviving axillary buds of com. 
Changes in the stem apex of grasses during floral transition have 
been studied by many workers (Barnard 1957; Bonnett 1935, 1936, 1937, 1940; 
Evans and Grover 19*40; Holt 1954; Sass and Skogman 1951» and Sharman 1945, 
1947). Evans and Grover (1940) have reviewed the older literature on the 
development of the inflorescence of grasses and grouped the studies into 
the following categories : 1) structural morphology, 2) physiological 
morphology and 3) the plastochrone, the interval of time involved in pro­
ducing one of the members of a segmented shoot. The numerous studies agree 
that as the shoot apex of a grass undergoes floral transition, the apex 
increases in length and diameter. The first indication of floral structures 
is the formation of protuberances on this enlarged, externally undiffer­
entiated cylinder. The sequence of differentiation of these protuberences 
is variable for the grasses as a group, but is constant for a given species. 
Three genes (Ma, Ma^, Ma^) have been hypothesized by Quinby and Harper 
(1945) to explain maturity differences in sorghum. These three genes were 
reported to control the time of floral initiation, which in turn limits 
leaf number, the duration of growth, and plant size. 
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MATERIALS AND METHODS. 
Grain type plants of Sorghum vuleare were used in this study. All 
material was field grown at the Iowa State University agronomy farm, ex­
cept for the study of embryo reactivation. Seed used for embryo reactiva­
tion was germinated at 25° C. in a controlled temperature germinator of 
the Seed Laboratory, Iowa State University. 
All of the material used to study the development of the caryopsis 
resulted from pollinating male sterile plants of the variety Reliance with 
pollen from the variety Norghum. Pollinations were made at eight o'clock 
in the morning. Collections of developing caryopses were made hourly for 
the first four hours, then at 8 and 12 hours after pollination, then daily 
for the first ten days. Further collection were made at two day intervals 
betweenl2 and 22 days, and thereafter at 25, 30, 40 and 50 days after 
pollination. 
For the study of the reactivation of the dormant embryo, seed of the 
above cross was germinated on moist blotters and collections were made at 
three hour intervals during the first 36 hours. Seeds were also germinated 
in Vermiculite in plastic moist chambers and collections were made at 
twelve hour intervals between 42 and 120 hours after the beginning of 
imbibition. 
The Nawaschin type fixing formulas were used, Graf I for 0-3 day 
caryopses, and Craf III for all other collections (Sass, 1958)• The 
material was embedded in paraffin using either an ethyl alchol-xylene or 
ethyl alcohol-tertiary butyl alcohol dehydration series. A safranin-fast 
green staining process was used for histological details. A brief period 
in hemalum prior to safranin-fast green staining was used on some sections 
to accentuate cell wall contrast. An iron-hematoxylin stain was used for 
cytological details. 
Floral transition was determined by dissecting 10 stem apices from 
each of the collections made at the intervals indicated in the data. The 
collections made during 1958 were taken at random from rows 100 feet long. 
After establishing the time of floral transition during 1958, two 
early varieties, Reliance and Norghum, a late variety, Kafir 60 and a 
late hybrid, RS 610, were used to determine the effect of date of planting 
on the time of floral transition. The four selected varieties were planted 
in non-replicated rows at two week intervals beginning on May 1, 1959 and 
continuing until the sixth planting on July 10. Ten plant samples were 
collected from each plot in the first four planting dates, at two day 
intervals from the time the plants reached the six leaf stage until the 
inflorescence was visible upon splitting the stalk with a razor blade. 
The ten plant samples were frozen for later dissection and diagnosis. 
10 
OBSERVATIONS 
Development of the Caryopsis 
Structure of the ovary and ovule 
The ovary is enclosed by the thin hyaline lemma and palea, which are 
in turn enclosed in a sterile lemma and two hard glumes (Figure 1). A 
microscopic styiar canal is located at the base of the two plumose stigmas. 
The ovary wall, which becomes the pericarp, has an inner integument, two 
cell layers in thickness. The outer integument, two cell layers in thick­
ness, extends along the distal region of the ovule to the styiar canal. 
The massive nucellus consists of large isodiometric cells in the 
distal region of the ovule. The nucellar cells decrease in size and in­
crease in staining density toward the funiculus. 
The embryo sac is located in the central basal portion of the ovule. 
The egg cell has an inverted tear-drop shape, and has" two polar nuclei 
closely appressed to its distal surface. The synergids are no longer 
visible at the time of pollination. Many large, highly vaculate, multi­
nucleate antipodal cells occur at the distal tip of the embryo sac. 
Gross structural post-fertilization changes of the ovary 
The ovary begins to enlarge after fertilization. The relative 
sectional areas of ovary wall, nucellus and embryo sac remain constant for 
about two days (Figures 2 and 3)• Within five days the endosperm has re­
placed much of the nucellus, and little or no nucellar tissue remains by 
eight days (Figures 4 and 5)• Twelve days after pollination the caryopsis 
has almost reached maximum size (Figures 6 - 10). The principal 
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Figure 1. Gross section of immature spikelet (7&c) 
ov - ovary 
g1 - first glume 
gg - second glume 
1^ - sterile lemma 
lg - fertile lemma 
p - palea 
a - anther 
development in the caryopsis after twelve days is the increase of the size 
of embryo. 
Pollination to fertilization 
The interval between pollination and fertilization is between two 
and four hours. The nuclei of the sperm and egg were observed to be un-
fused at a time when the primary endosperm nucleus was already in meta-
phase. As many as 28 endosperm nuclei were observed eight hours after 
Figure 2. Pistil at time of pollination (52x) 
Figure 3* Pistil two days after pollination (32x) 
Figure 4. Caryopsis five days after pollination (20x) 
Figure 5» Caryopsis eight days after pollination (I5x) 
Figure 6. Caryopsis twelve days, after pollination (12.5x) 
Figure 7* Caryopsis sixteen days after pollination (12.5x) 
Figure 8. Caryopsis twenty days after pollination (12.5x) 
Figure 9. Caryopsis twenty-five days after pollination (12. 
Figure 10. Caryopsis thirty days after pollination (12.5x) 
e.s. - embryo sac 
en - endosperm 
stippled area - embryo 
line area - nucellus 
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pollination. The zygote had not divided at this time. 
Embryoeenv 
The zygote undergoes an oblique division and forms a two-celled 
proembryo within twenty-four hours after pollination (Figure 11). Further 
divisions of the apical cell produces a proembryo consisting of a large 
vacillated basal cell with a distal cap of several small densely staining 
cells (Figure 12). The long suspensor elongates by expansion of cells 
at the base of the globular distal portion (Figures 13, 14). The pro­
embryo retains a symmetrically clavate shape until about the seventh day. 
However, by the fifth day, internal differentiation can be observed in the 
form of increased cell activity in the anterior distal portion of the 
proembryo (Figure 13)• This activity foreshadows the initiation of 
embryonic organs. 
The shoot-root axis The first discernible organ arises on the 
anterior surface of the embryo between the sixth and seventh day. This 
small exogenous protuberence is the coleoptile primordium, which is at 
first a crescent and becomes a ring by the progressive activation of cells 
below its lateral margins (Figure 16). The coleoptile encloses the apical 
meristem by the tenth day. The coleoptile elongates by activity of its 
distal marginal meristem and becomes a closed cone in twelve days, except 
for a small slit on its anterior surface. 
The apical meristem is clearly defined at eight days as a dome of 
meristematic tissue just below the crescent of the coleoptile primordium. 
A leaf primordium arises as a lateral protuberence on the shoot apex 180° 
Figure 11. Proembryo 24 hours after pollination (750x) 
Figure 12. Proembryo 48 hours after pollination (750x) 
from the coleoptile and expands laterally by cell division in a sub­
surface zone, thus encircling the stem apex. The area of the young leaf 
expands by marginal growth. The first leaf is thus formed on the shoot 
apex at nine days, The second leaf is initiated as early as the tenth 
day, at which time the base of the first leaf nearly encircles the shoot 
apex. At fifteen days the third leaf is initiated, and the margins of 
the first leaf now overlap (Figure 23). The fourth leaf is initiated by 
twenty days and at twenty-five days an indication of a fifth leaf can be 
detected. By this time the margins of the first and second leaves overlap 
by 180 degrees. The margins of the third leaf overlap 30 degrees, and the 
margins of the fourth leaf lack approximately thirty degrees from over­
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lapping. Leaf initiation ceases twenty-five days after pollination. No 
further meristematic activity was observed after this time. 
. A region between the coleoptile node and scutellar node undergoes 
intercalary growth and becomes a distinct internode ten to twelve days 
after pollination. This region is the mesocotyl, the first node of the 
epicotyl. The mesocotyl is root-like in that it has a broad cortex sur­
rounding a central cylinder. The latter, the stele, contains three pro-
cambium strands, two of which can be traced to the coleoptile and one to 
the median bundle of the first leaf. 
The radicle arises as an endogenous dome within the central region 
of the embryo, between the sixth and seventh day after pollination 
(Figures 16, 17). The dome is delimited by a stratified zone, formed by 
periclinal cell divisions. A zone of radially aligned cells is evident 
in transverse sections by ten days (Figure 22). The innermost cell layer 
of this zone is the pericycle. The radicle becomes considerably elongated 
and the root cap becomes well defined by twelve days (Figure 19). 
Approximately twenty-five days after pollination the radicle has reached 
its maximum size, and has the typical root structure of radially elongated 
epidermal cells, broad cortex, and central cylinder or stele. 
Between twelve and fifteen days, a layer of amorphous, stainable 
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material is deposited on the periphery of the domed end of the radicle, 
except across the root cap. A cleft develops along the deposition, thereby 
separating thé radicle from the encasing parenchymatous coleorhiza 
(Figure 20). The radicle is the only root that is formed in the embryo 
of sorghum. 
The scutellum The scutellum begins to develop between six and 
seven days after pollination. The distal and posterior regions of the 
embryo enlarge first (Figures 15, 16, 17) and the proximal region begins 
to enlarge at about nine days (Figure 18). The scutellum is at first a 
flat, shield shaped structure, which enlarges by marginal growth until it 
almost completely encloses the embryo axis at sixteen days (Figure 23)• 
The scutellum consists of large vaculated parenchyma cells. A surface 
layer of epithelial cells is differentiated by twelve days on the 
posterior surface of the scutellum. By thirty days, infoldings of the 
epithelial surface are present. 
Vascularization of the embryo The first evidence of vasculariza­
tion is the differentiation of the median procambium strand in the distal 
lobe of the scutellum (Figures 15, 16, 17). Cells in the procambium 
divide in the same linear plane, and elongation is parallel to the plane 
of cell division. Two procambium strands, which pass into the coleoptile, 
and the median procambium strand of the first leaf are distinguishable at 
ten days. The procambium strands from the plumule join with the median 
bundle of the scutellum and fora a vascular plate in the scutellar node. 
The scutellar strand becomes much branched in the distal lobe of the 
scutellum. Metaxylem initials can be traced from a few cells above the 
root tip to the coleoptile node. As these metaxylem initials pass through 
the vascular plate they "twist" so that they are in the same plane as the 
vascular plate for a short distance. A procambium strand is formed in the 
proximal lobe of the scutellum by sixteen days. Mature protoxylem elements 
are present in the median bundle of the first leaf at thirty days. 
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Nucellus and endosperm 
The primary endosperm nucleus divides soon after the two polar 
nuclei fuse with a sperm. Free nuclear divisions occur in the endosperm 
for the first forty-eight hours, at which time cell walls begin to form 
in the basal portion of the embryo sac. The embryo sac has a large cen­
tral vacuole, with the endosperm nuclei dispersed about its periphery 
(Figure 24). The endosperm fills this central vacuole by three days. 
The developing endosperm has completely displaced the nuesllus within 
eight days after pollination. The enlargement of the endosperm involves 
both periclinal and anticlinal divisions of the surface cells in contact 
with the nucellar tissue, as well as cell enlargement in the central 
portion. Starch grains become abundant in the distal endosperm cells 
shortly after the nucellar tissue has been completely displaced. The 
surface layer of the endosperm eventually becomes a distinctive cell 
layer, the aleurone. 
Integuments 
The outer integument is crushed and is no longer distinguishable 
forty-eight hours after pollination. The inner integument is two cell 
layers in thickness. The cells of the inner layer become elongated per­
pendicular to the ovule surface. This elongation is greatest in the 
apical portion of the ovule. The outer layer of the inner integument is 
in the process of being crushed eight days after pollination. At sixteen 
days the integument is crushed in random areas over the surface of the 
endosperm, arid by twenty-five days all of the integument cells become 
crushed. 
Figure 13. Five day embryo (x300) 
Figure 14. Six day embryo (x200) 
Figure 1$. Eight day embryo (xl86) 
Figure 16. Seven day embryo (xl50) 
en - endosperm 
su - suspensor 
al - aluerone 
c.p. - coleoptile primordium 
sc - scutellum 
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Figure 17. Eight day old embryo (x!86) 
Figure 18. Nine day old embryo (x200) 
Figure 19. Twelve day old embryo (x78) 
Figure 20. Sixteen day old embryo (x78) 
Sa - stem apex 
So - Scutellum 
Su - suspensor 
C - coleoptile 
r - radicle 
1^ - first leaf 
lg - second leaf 
lg - third leaf 
Ca - calyptrogen 
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... 
Figure 21. Transverse section of embryo at stem apex, ten days 
(I50x) 
Figure 22. Transverse section of embryo at root, ten days (150x) 
Figure 23. Transverse section of embryo at stem apex, sixteen 
days (?8x) 
C - coleoptile 
]_2 - first leaf 
lg - second leaf 
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Figure 24. Caryopsis two days after pollination (4?x) 
Figure 25. Caryopsis twelve days after pollination (l4x) 
Figure 26. Caryopsis sixteen days after pollination (l4x) 
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Development of the Seedling 
The dormant embryo 
The reactivation of the dormant embryo, the emergence of embryonic 
organs and the development of the seedling were studied in a Reliance x 
Norghum cross. The plumule, which is enclosed by the coleoptile, has 
four foliage leaves and the primordium of the fifth leaf. No axillary 
buds are present. The radicle is enclosed by the coleorhiza and the two 
zones are separated by an amorphous, stainable material, except in the 
region of the root cap. The mature radicle has a distinct central core, 
the plerome, which is incased in the periblem, or future cortex. The sur­
face layer of radially elongated cells is the dermatogen, which will become 
the epidermis. Seminal roots are not present in the sorghum embryo. 
The scutellum comprises the bulk of the embryo. The embryo axis is 
almost completely enclosed by the scutellum. The abaxial surface of the 
scutellum has an epidermis of radially elongated cells or epithelium. 
This surface has numerous infoldings and is in contact with the starchy 
endosperm. The adaxial surface of the scutellum, which is in contact with 
the embryo axis and with the aleurone, has a surface layer of cells which 
are elongated parallel with the surface. The mesophyll of the scutellum 
consists of large parenchyma cells with prominent nuclei. Vascular differ­
entiation in the scutellum consists of a single procambium strand in the 
distal lobe. Two or three celled procambium strands diverge from the main 
procambium strand at nearly right angles. No vascular elements are dif­
ferentiated throughout the length of this procambium strand. 
Tissue differentiation has occured.to some extent in all organs of the 
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dormant embryo axis. Two large procambium strands are evident in the 
coleoptile. Procambium strands occur in each of the first four foliage 
leaves. In the coleoptile node a single protoxylem vessel with annular 
thickenings is differentiated within each of the procambium strands lead­
ing from the median and from the two adjacent procambium strands at the 
base of the first leaf. These three protoxylem vessels converge in the 
center of the coleoptile node where a single column of protoxylem is 
differentiated basipetally for one half or more the length of the 
mesocotyl. 
The mesocotyl has a broad parenchymatous cortex enclosing a vascular 
stele in which four metaxylem initials are evident. The posterior two 
metaxylem initials blend into the scutellar plate near its divergence into 
the scutellum. The two anterior metaxylem initials are continuous with 
the two metaxylem initials of the radicle. The metaxylem initials in the 
radicle are traceable to within a few cells.of the apex. 
The scutellar plate is a region in the embryo axis where the pro-
vascular tissue of the epicotyl and hypocotyl join with the pro-vascular 
tissue of the scutellum. This region is in the scutellar node. 
Reactivation of the embryo 
Reactivation of the dormant embryo of the harvested, dried grain 
consists of the imbibition of water and resumption of the formation of new 
cells by mitotis. Imbibition is assumed to begin when dry kernels are 
placed on a moist substrate, in a moist atmosphere. Kernels of a Reliance 
x Norghum cross were germinated at a constant temperature of 25° C. Be­
tween twelve and fifteen hours after the foregoing treatment, the 
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coleorhiza swells and ruptures the pericarp. The radicle grows through 
the coleorhiza by approximately twenty-seven hours, and by sixty hours 
the first foliage leaf emerges from the coleoptile. 
Twenty-one hours after the beginning of imbibition, mitotic figures 
were observed in a region midway between the scutellar node and the tip 
of the radicle. Mitotic figures were observed in the plerome, the 
periblem and the dermatogen of the radicle. Between the region of 
initial cell division and the scutellar plate, cellular activity, except 
for an occasional mitosis in the plerome, was restricted to cell 
elongation. 
Within six hours after mitosis begins in the radicle, mitotic 
activity begins throughout the epicotyl, except in the fourth leaf and 
the stem apex. This mitotic reactivation is closely correlated with the 
emergence of the radicle through the coleorhiza. Mitotic activity is 
greatest in the procambium strands of the mesocotyl at this time. Forty-
two hours elapses between the beginning of imbibition and the occurrence 
of the first mitotic figures in the stem apex. Elongation of the mesocotyl 
has started at its base by this time. The sixth leaf is initiated approx­
imately fifty-four hours after the resumption of mitotis in the stem apex. 
No mitotic activity was observed in the scutellum during germination. 
Vegetative stem apex 
The vegetative stem apex is a dome consisting of two meristematic 
zones, the tunica and the corpus (Figure 32). The tunica is a single 
surface layer of cells, maintained by anticlinal divisions. The corpus 
is the underlying unstratified zone, in which cell divisions occur in 
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random planes. Leaves are Initiated by a periclinal division in the 
tunica, opposite the last-formed leaf. The base of a leaf primordium 
soon encircles the stem apex by cell division in the stem apex base at 
the lateral edges of the leaf primordium. Increase in area of the leaf 
primordium results from cell division in the marginal meristem of the 
primordium. Figures 27 through 31 illustrate in longitudinal section 
the changes which the stem apex undergoes during a plastochrone, the 
interval between initiation of successive leaves. 
Floral transition of main axis 
Transition of the stem apex from the vegetative to the floral phase 
is indicated by cessation of the initiation of leaf primordia and an in­
crease in diameter and length of the stem apex (Figure 33). The youngest 
leaf primordia remain small and become bracts. The basal distichous 
panicle branches develop in the axils of these bracts. Successive 
primary panicle branches are formed acropetally in whorls^. The primary 
branches subsequently bear secondary and tertiary branches. 
Panicle branches have an indeterminate mode of development. Each 
panicle branch is terminated by a cluster of three meristematic apices. 
These three apices may produce one sessile spikelet, one pedicellate spike-
let, and a branch that is terminated by three meristematic apices, which 
repeat the foregoing sequence of development. However, the three terminal 
apices may produce one sessile spikelet and two pedicellate spikelets. 
Thus, each ultimate branch of a panicle terminates in three spikelets, one 
sessile and two pedicellate. Proximally, the axis bears varying numbers 
of spikelet pairs, each pair consisting of one sessile and one pedicellate 
Series of line drawings illustrating changes in the stem apex 
during the plastochrone for leaf six. (210x) . . 
Figure 27. The initial periclinal divisions have occurred in the 
tunica 
Figure 28. Initiation now involves divisions in both the tunica 
and corpus 
Figure 29. Enlargement of sixth leaf primordium 
Figure 30. Enlargement of sixth leaf primordium 
Figure 31. Initiation of the sixth leaf completely encircles the 
stem 
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spikelet. 
A comparison of the time of floral initiation in varieties was made. 
Twelve varieties or hybrids were planted on May 31» and subsequently 
sampled at intervals and examined by dissecting out the stem apices. In 
these varieties, transition occurred thirty-two to forty-four days after 
planting (Table 1). In this study, the first varieties to undergo floral 
transition are considered early varieties and the last varieties to undergo 
floral transition are considered late varieties. 
The effect of planting date, on the time of floral transition was 
determined. Two early and two late varieties were chosen, and plantings 
were made on May 1 and five subsequent plantings were made at intervals of 
two weeks. The date of floral transition was determined for the first 
four dates by dissection of the stem apices. The interval from planting 
to floral transition ranged from fifty-two days in the first planting date 
for the late varieties to twenty-three days for the early varieties in the 
third and fourth planting dates (Table 2). A consistent difference could 
be observed between the early and the late varieties for the interval 
between planting and floral initiation. 
The number of days from floral transition to anthesis was determined 
for varieties and planting dates. Anthesis was arbitrarily defined as the 
stage when fifty percent of the florets had bloomed. Floral transition 
to anthesis ranged from forty days to thirty-one days (Table 2). Con­
sistent differences in the interval between floral initiation and 
anthesis were not demonstrated between the early and late varieties. 
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Table 1. Days to floral transition of grain sorghum varieties and hybrids 
Variety or hybrid Days to floral transition 
Reliance 32 
32 
32 
37 
39 
39 
39 
39 
40 
42 
42 
44 
Norghum 
RS 501 
DeKalb C44a 
Midland 
Martin 
Redbine 60 
RS 650 
DeKalb D50a 
RS 610 
Plainsman 
Kafir 60 
Development of axillary buds 
The first detectable axillary bud of the plumular axis occurs in the 
axil of the first (lowermost) leaf, shortly after the initiation of the 
sixth leaf. Initiation of the second axillary bud occurs almost simul­
taneously, in the axil of the second leaf, and subsequent buds are 
initiated acropetally. Axillary bud initiation lags approximately four 
nodes behind leaf initiation until floral transition begins. Initiation of 
buds continues until each leaf axil, except that of the uppermost expanded 
leaf (flag leaf), has an axillary bud. Therefore, the last three axillary 
buds are formed after the beginning of floral transition. No axillary bud 
is formed in the axil of the coleoptile. 
Vegetative tillers develop from the buds at basal nodes of the plant. 
Table 3 presents data on tillering of twelve varieties and hybrids, 
observed at the time of floral transition. The number of tillers on an 
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Table 2. Date of floral transition and anthesis in relation to date of 
planting 
Planting Days to floral Days to 50# Days from 
date Variety transition full bloom transition to 
or hybrid (anthesis) 50# anthesis 
May 1 Reliance 46 (June 16) 80 (July 20) 34 
Norghum 46 (June 16) 80 (July 20) 34 
RS 610 52 (June 22) 90 (July 30) 38 
Kafir 60 52 (June 22) 92 (Aug. 1) 40 
May 15 Reliance 34 (June 18) 69 (July 23) 35 
Norghum 34 (June 18) 69 (July 23) 35 
RS 610 36 (June 20) 71 (July 25) 35 
Kafir 60 38 (June 22) 73 (July 27) 35 
May 28 Reliance 23 (June 20) 58 (July 25) 35 
Norghum 23 (June 20) 58 (July 25) 35 
RS 610 27 (June 24) 65 (Aug. 1) 38 
Kafir 60 29 (June 26) 67 (Aug. 3) 38 
June 12 Reliance 23 (July 5) 54 (Aug. 5) 31 
Norghum 25 (July 7) 56 (Aug. 7) 31 
RS 610 28 (July 10) 59 (Aug. 10) 31 
Kafir 60 30 (July 12) 61 (Aug; 12) 31 
June 26 Reliance 55 (Aug. 20) • 
Norghum - 55 (Aug. 20) -
RS 610 - 63 (Aug. 28) -
Kafir 60 
- 66 (Sept. 1) -
July 10 Reliance « 54 (Sept. 2) _ 
Norghum - 55 (Sept. 3) -
RS 610 . - 59 (Sept. 7) -
Kafir 60 — 63 (Sept. 11) — 
individual plant varies from zero to three. The varieties Norghum and 
Reliance, representing the extremes of the range for average tiller number, 
were examined to determine the time of axillary bud initiation, and no 
differences were observed. 
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Table 3. Incidence of tillering in twelve varieties and hybrids of 
grain sorghum 
Variety or Average number* Percent 
hybrid of tillers tillerless 
Reliance .13 88 
Norghum 1.00 43 
RS 501 1.00 40 
DeKalb (Ma .53 65 
Midland .23 78 
Martin .40 73 
Redbine 60 .92 43 
RS 650 .48 65 
DeKalb D50a .18 85 
RS 610 .61 61 
Plainsman .18 83 
Kafir 60 .08 95 
*Average number of tillers = tillers 
Each axillary bud consists of a shoot axis, a prophyllum opposite 
the subtending leaf, and varying number of leaf primordia (Figures 35 
through 40). The prophyllum has many vascular bundles of approximately 
equal size. The number of leaf primordia on the successive axillary buds 
decreases acropetally. 
After floral transition at the apex of the main axis has been com­
pleted, floral transition of successive buds occurs, basipetally. There­
fore, the most convenient way to designate axillary buds is from the top 
downward (Figure 34). Axillary "bud 1" is thus the bud in the axil of 
the second leaf below the flowering head. 
At the completion of anthesis in the main axis of the varieties 
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Reliance and Norghum, axillary buds 1, 2, and 3 have undergone floral 
transition (Figures 35, 36, 37)• Bud 4 may be on the borderline between 
the vegetative phase and floral transition (Figure 38). The buds below 
bud 4 are vegetative (Figures 39 and 40). Axillary buds at the ground 
level and below are vegetative, and are frequently destroyed by the 
emerging nodal roots. 
On October 17, 1959, which was two days after frost and ninety-two 
days after anthesis for this particular collection, axillary buds 1 
through 7 were examined in the varieties Reliance and Norghum. Total 
elongation of axillary buds, and the condition of the apex were recorded 
(Table 4). Elongation of the axillary buds is consistently greater in . 
Norghum, a variety with a high average number of tillers, than in 
Reliance, a variety with a low average number of tillers. The condition 
of the shoot apices of the axillary buds did not change after the com­
pletion of anthesis on the main axis. 
Table 4. Elongation and condition of apex of axillary buds 1 through 7, 
of the varieties Reliance and Norghum, on October 17, 1958 
Bud length Inflorescence length 
Axillary bud Reliance Norghum Reliance Norghum 
cm. cm. cm. cm. 
1 37.4 67.5 15.7 19.5 
2 24.5 19.2 10.3 1.1 
3 1.4 2.7 .1 .1 
4 .9 2.3 Trans. Trans. 
5 .8 2.9 Teg. Teg. 
6 .7 1.6 Teg. Teg. 
7 .8 1.9 Teg. Teg. 
Figure 33. Stem apex undergoing floral transition (100x) 
Figure 34. Diagram of the main axis of sorghum illustrating the 
position of axillary buds 
Figure 35» Axillary bud 1 which has a floral stem apex and one 
leaf (l4x) 
Figure 36. Axillary bud 2 which has a floral stem apex and three 
leaves (l4x) 
Figure 37» Axillary bud 3 which has a floral stem apex and four 
leaves (l4x) 
Figure 38. Axillary bud 4 which has a floral stem apex and five 
leaves (l4x) 
Figure 39. Axillary bud 5 which has a vegetative stem apex and 
seven leaves (l4x) 
Figure 40. Axillary bud 6 which has a vegetative stem apex and 
seven leaves (l4x) 

41 
DISCUSSION 
Fertilization in sorghum has been previously reported by Artschwager 
and McGuire (1949) to occur approximately two hours after pollination 
and between six and twelve hours by Stephens and Quinby (1934). In the 
present study, fertilization was found to occur between two and four hours 
after pollination, in agreement with the findings of Artschwager and 
McGuire. 
Artschwager and McGuire (1949) have stated that both the zygote .and 
primary endosperm nucleus "undergo a rest period, which is short for the 
endosperm nucleus but of considerable duration for the zygote." In the 
present study, the sperm nucleus and egg nucleus were observed to be un-
fused when the primary endosperm nucleus was in metaphase, which indicates 
that the primary endosperm nucleus has a negligible rest period. The 
zygote has not been observed to be divided eight hours after pollination, 
•but a proembryo was always present 24 hours after pollination. This would 
indicate the rest period of the zygote to be longer than the four hours 
reported by Artschwager and McGuire (1949). 
The orientation of cell division in the proembryo suggest that in 
sorghum, as in Zea (Randolph 1936) and Hordeum (Merry 1941) early cell 
divisions in the proembryo do not follow an orderly sequence. The sequence 
of cell divisions in a proembryo may be a response to the environmental 
conditions in which the proembryo develops 
Elongation of the proembryo places the distal meristematic region of 
the embryo near the aleurone layer (Figure 15)• At this time the distal 
and posterior portions of the embryo begin rapid enlargement and initiate 
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the scutellum. The active meristematic portion of the proembryo has been 
shifted to a new position with respect to the adjacent tissues. Whether 
this change of position is related to subsequent development needs to be 
examined in the light of Wardlaw's (1955) emphasis on the development of 
embryos in relation to their nutrient supply. 
The time at which successive embryonic leaves are found in sorghum 
has not been previously reported. The interval between successive 
plastochrones increases,, as in maize (Abbe and Stein 1954). Such infor­
mation is useful for comparing the rate of growth in sorghum embryos of 
varieties and hybrids of differing maturities. 
No previous definitions of morphological maturity of sorghum were 
found in the literature. Artschwager and McGuire (1949) reported the 
sorghum embryo "is completely formed by the twelfth day," however they 
also reported continued growth in the embryo after this time. Kersting 
et al. (1961) have reported values for three different measures of 
development of the sorghum caryopsis. These measures should be considered 
physiological, rather than morphological measures of maturity. Their re­
sults, obtained over two growing seasons, would indicated that maturity, 
as they defined it, is highly dependent upon the growing season. In the 
present study, meristematic activity was found to cease 25 days after 
pollination, therefore, the sorghum embryo may be assumed to reach 
morphological maturity at that age. Morphological, as well as physio­
logical maturity, may be expected to vary with seasons and probably also 
with genotypes. Thus the time of morphologic maturity reported here 
should be considered a basis for further studies. Morphological maturity 
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in sorghum is attained considerably earlier than the 45 days reported for 
Zea by Randolph (1936). 
The early literature on the structure of the mature sorghum caryopsis 
mentions the presence of a "nucellar or hyaline layer," (Winton 1903)• In 
the present study the nucellus was found to be completely displaced by the 
endosperm by approximately eight days. The inner integument remains for 
varying lengths of time after the nucellus is completely displaced. The 
nucellus never has the orderly arrangement of cells indicated by Miss 
Winton1 s drawings, but the integument does. It would appear that Miss 
Winton's "nucellar or hyaline layer" is of integumentary, rather than 
nucellar origin, in agreement with the interpretation of Ayyanger and 
Krishnaswami (1941), Artschwager and McGuire (1949) and Sanders (1955)• 
The development of the endosperm of sorghum is free nucleate during 
its first 48 hours of growth. Randolph (1936) reports that free nucleate 
divisions occur in the endosperm of maize for three and one half days 
after pollination. When allowance is made for the delay between pollina­
tion and fertilization in maize, the duration of the free nucleate con­
dition is similar in maize and sorghum. 
Reactivation in the dormant embryo of sorghum begins with mitotic 
activity in a distinct zone of the radicle, followed within 6 hours by 
mitotic activity throughout the plumule except for the apical meristem, 
in which reactivation is delayed approximately 15 hours. The sequence of 
these events corresponds with the findings of Picklum (1953) with Zea 
and of Ikenberry (1959) with Arena. 
The tunica of the vegetative shoot apex is a single layer of cells, 
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confirming the report of Thielke (1951)• The shoot apex of sorghum, is of 
the short type, as defined by Sharman (1942b), which also occurs in the 
cereals. This type of apical organization is maintained until the onset 
of floral initiation, when the stem apex begins rapid elongation and in­
crease in diameter. 
The development of the sorghum plant can be divided into two stages 
of development. The vegetative phase of development occurs between ger­
mination and floral initiation, and the floral phase occurs between floral 
initiation and anthesis. Vegetative development is more variable in 
length than the floral phase of development. Therefore, the duration of 
vegetative development is the most important factor in determining the 
time of anthesis. 
During vegetative development of sorghum the axillary buds are 
initiated in acropetal sequence. When the apex of the main stem undergoes 
floral transition, further development and transition in the axillary buds 
proceeds basipetally. Floral transition ceases in the axillary buds by 
the time anthesis is completed. Only the upper three or four axillary 
buds have undergone transition at this time. Therefore, the mature sor­
ghum plant has many vegetative apical meristems in a dormant condition. 
In a frost-free climate sorghum may be expected to behave as a perennial 
plant if the developmental sequence remains the same. 
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SUMMARY 
A study was made of the development of the sorghum plant from 
pollination to floral initiation. Development of the embryo and cary-
opsis was studied in a cross between a male sterile line of Reliance and 
the variety Norghum. Seedling development was studied in plants from 
several varietal sources. 
Fertilization was found to occur from two to four hours after 
pollination. The primary endosperm nucleus does not undergo a measur­
able rest period. The endosperm is free-nucleate for 48 hours after 
pollination, at which time cell wall formation begins at the micropylar 
end of the embryo sac. Three days after pollination the embryo sac be­
comes completely filled with cellular endosperm. The nucellus becomes 
almost completely displaced by endosperm eight days after pollination. 
The zygote has a rest period of not less than six hours or more 
than 20-22 hours, prior to the first zygotic division. The planes of 
cell division did not have a consistent pattern in the formation of the 
proembryo. Two days after pollination the proembryo consists of a large 
basal cell and a distal, anterior cap of meristematic cells. The 
scutellum is initiated on the posterior side between six and seven days 
after pollination. 
The eoleoptile is the first organ of the embryo axis to be initiated. 
Nine days after pollination the first leaf is initiated, and successive 
leaves are initiated at ten, fifteen, and twenty days after pollination. 
Four foliage leaves are invariably present, and an indication of the 
primordium of the fifth leaf may be evident at 25 days. 
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The radicle is initiated endogenously between six and seven days 
after pollination. The radicle and the root cap are fully defined by 
twelve days after pollination. The radicle is the only root formed in 
the sorghum embryo. The "mesocotyl", the intemode between the coleoptile 
node and the scutellar node, becomes distinguishable between 10 and 12 
days after pollination. 
Vascularization of the embryo consists at first of procambium strands 
in the embryo axis, and in the distal lobe of the scutellum. Mature pro-
toxylem elements occur in the coleoptile node thirty days after pollina­
tion. 
Morphological maturity is considered to be the termination of 
meristematic activity in the embryo, 25 days after pollination. 
Reactivation of the dormant embryo was studied under controlled con­
ditions at 25° C. Between 12 and 15 hours after the beginning of imbibi­
tion, the swollen radicle and enclosing coleorhiza rupture the pericarp. 
The radicle emerges through the coleorhiza approximately 2? hours after 
the beginning of imbibition and the first leaf emerges from the coleoptile 
by sixty hours. 
Mitotic reactivation begins in the radicle approximately 21 hours 
after the start of imbibition. Six hours later mitotic activity begins in 
the mesocotyl and the three largest foliage leaves. Approximately 42 
hours elapse between the start of imbibition and mitotic reactivation in 
the shoot apex. 
The stem apex has a tunica of a single layer of cells. Leaves are 
initiated by periclinal divisions in the tunica. Only a single unexpended 
4? 
leaf primordium occurs on the stem apex, therefore, the apex is of the 
short type. 
The interval between planting and floral initiation was found to 
range from 32 to 44 days in twelve varieties, planted on the same date. 
This same interval, in relation to date of planting, was found to range 
from 52 days for the late varieties in the first planting date, to 23 
days for the early varieties in the third and fourth planting dates. A 
consistent difference was. observed between the early and late varieties 
for the interval between planting and floral initiation. Consistent 
differences were not observed for the interval between floral initiation 
and anthesis. 
Axillary buds are initiated acropetally, and lag in their initiation 
approximately four nodes below leaf initiation. An axillary bud is 
formed in all leaf axils except the uppermost expanded leaf. 
Floral initiation and subsequent development of axillary buds is 
basipetal after floral initiation has occurred on the main axis. Only 
the four uppermost axillary buds undergo floral transition. All other 
surviving axillary buds remain vegetative. 
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